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Introduction 64
Bacterial cells are surrounded by a mesh of peptidoglycan (PG) that determines their shape 65 and also protects the cells from lysis due to their high internal turgor pressure (Weidel and 66 Pelzer, 1964, Vollmer et al., 2008) . Peptidoglycan is comprised of glycan strands that are 67 crosslinked by short peptides (Rogers et al., 1980) . The glycan strands are composed of 68 alternating N-acetylglucosamine and N-acetylmuramic acid residues that are connected by a 69 ß-1,4 glycosidic bond (Ghuysen and Strominger, 1963) . The synthesis of peptidoglycan 70 begins in the cytoplasm with the production of the PG precursor lipid II by the proteins 71 2014, Ruiz, 2008) and subsequently incorporated in the growing glycan strand by 75 glycosyltransferases. The polymerization and the crosslinking of the glycan strands are 76 facilitated by the activity of glycosyltransferases and transpeptidases, respectively. Class A 77 penicillin binding proteins (PBPs) are bifunctional enzymes that possess glycosyltransferase 78 and transpeptidase activity, whereas class B PBPs only contain a transpeptidase domain 79 (Höltje, 1998 , Sauvage et al., 2008 , Goffin and Ghuysen, 1998 . In addition, some species 80 such as Escherichia coli, Staphylococcus aureus and Streptococcus pneumoniae encode 81 monofunctional glycosyltransferases (MGTs) that can also incorporate lipid II into the 82 of two SEDS proteins, FtsW2 and RodA3, is induced in the presence of ß-lactam antibiotics 115 likely to compensate for the inhibition of PBPs and that a rodA3 mutant is more sensitive to 116 the ß-lactam antibiotic cefuroxime. Antimicrobials inhibiting the activity of proteins of the 117 SEDS family could therefore potentially improve the treatment of Listeria infections in the 118 future. 119 120
Materials and Methods 121

Bacterial strains and growth conditions 122
All strains and plasmids used in this study are listed in Table S1 . Strain and plasmid 123 constructions are described in the supplemental materials and method section and all primers 124 used in this study are listed in Table S2 . E. coli strains were grown in Luria-Bertani (LB) 125 medium and L. monocytogenes strains in brain heart infusion (BHI) medium at 37°C unless 126 otherwise stated. If necessary, antibiotics and supplements were added to the medium at the 127 following concentrations: for E. coli cultures, ampicillin (Amp) at 100 µg/ml and kanamycin 128 (Kan) at 30 µg/ml, and for L. monocytogenes cultures, chloramphenicol (Cam) at 10 µg/ml, 129 kanamycin (Kan) at 30 µg/ml and Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 1 mM. 130
We used the L. monocytogenes strain 10403S and derivatives thereof. However, we refer to 131 (ANG5192), the strains were cultivated overnight in the presence of 1 mM IPTG. The next 141 day, cells were washed once with fresh medium, subsequently diluted 1:50 in 5 ml BHI 142 medium and grown for 8-10 h in the absence of the inducer. The cultures were diluted 1:100 143 into fresh BHI medium and grown until the next morning at 37°C. The depleted cells were 144 then diluted to an OD600 of 0.01 and grown in the presence or absence of 1 mM IPTG at 145 37°C. Averages and standard deviations from three independent experiments were plotted. 146 147
Determination of minimal inhibitory concentration (MIC) 148
The minimal inhibitory concentration for bacitracin, penicillin and moenomycin and 149 lysozyme was determined using a microbroth dilution assay in 96-well plates. Approximately 150 10 4 L. monocytogenes cells were used to inoculate 200 µl BHI containing two-fold dilutions 151 of the different antimicrobials. The starting antibiotic concentrations were: 1 mg/ml for 152 bacitracin A, 1 µg/ml for penicillin G, 0.8 or 1.6 µg/ml for moenomycin, 8 µg/ml cefuroxime 153 and 10 mg/ml for lysozyme. The OD600 was determined after incubating the 96-well plates 154 for 24 h at 37°C with shaking at 500 rpm in a plate incubator (Thermostar, BMG Labtech). 155
The MIC value refers to the antibiotic concentration at which bacterial growth was inhibited 156 by >90%. 157 158
Determination of antibiotic susceptibility using a spot plating assay 159
Overnight cultures of the indicated L. monocytogenes strains were adjusted to an OD600 of 1 160 and 5 µl of serial dilutions were spotted on BHI agar plates or BHI agar plates containing 1 161 µg/ml cefuroxime. Plates were photographed after incubation at 37°C for 24 h. 162
Fluorescence and phase contrast microscopy 163
For bacterial cell length measurements, 100 µl of mid-log cultures were mixed with 5 µl of 164 100 µg/ml nile red solution to stain the cell membrane. After an incubation of 20 min at 165 37°C, the cells were washed once with 1x PBS and resuspended in 50 µl 1x PBS. 1.5 µl of 166 the different samples were spotted on microscope slides covered with a thin agarose film (1.5 167 % agarose in distilled water), air-dried and covered with a cover slip. Phase contrast and 168 fluorescence images were taken at 100x magnification using the Zeiss Axio Imager.A1 169 microscope coupled to the AxioCam MRm and processed using the Zen 2012 software (blue 170 edition). For the detection of nile red fluorescence signals, the Zeiss filter set 00 was used. 171
For the determination of the cell lengths, 300 cells were measured for each experiment and 172 the median cell length was calculated. Averages and standard deviations of the median cell 173 length of three independent experiments were plotted. 174
175
Peptidoglycan isolation and analysis 176
Overnight cultures of L. monocytogenes 10403S, 10403S∆rodA1∆rodA3 and 177 10403S∆rodA1∆rodA3 pIMK3-rodA1 were used to inoculate 1 L BHI broth (with 1 mM 178 IPTG for the complementation strain 10403S∆rodA1∆rodA3 pIMK3-rodA1) to a starting 179 OD600 of 0.06. The cultures were grown at 37°C until they reached an OD600 of 1, at which 180 point the cultures were cooled on ice for 1 h. The bacteria were subsequently collected by 181 centrifugation and peptidoglycan was purified and digested with mutanolysin as described 182 previously (de Jonge et al., 1992, Corrigan et al., 2011). Digested muropeptides were 183 analyzed by high-performance liquid chromatography (HPLC) and recorded at an absorption 184 of 205 nm as described previously (de Jonge et al., 1992) . For quantification, the areas of the 185 main muropeptide peaks were integrated using the Agilent Technology ChemStation 186 software. The sum of the peak areas was set to 100% and individual peak areas were 187 determined. Averages and standard deviations from three independent extractions were 188 calculated. 189 190 β-galactosidase assay 191
For the determination of the β-galactosidase activity, overnight cultures of strains 10403S 192 pPL3e-Plmo2689-lacZ, 10403S∆rodA1 pPL3e-Plmo2689-lacZ and 10403S∆rodA1∆rodA2 pPL3e-193
Plmo2689-lacZ were diluted 1:100 in fresh BHI medium and grown for 6 h at 37°C. Sample 194 collection and preparation were performed as described previously (Gründling et al., 2004) . 195
Briefly, OD600 readings were determined (for the final β-galactosidase unit calculations) for 196 the different cultures after 6 h of growth and cells from 1 ml culture were pelleted by 197 centrifugation for 10 min at 13,200 x g, resuspended in 100 µl ABT buffer (60 mM K2HPO4, 198 40 mM KH2PO4, 100 mM NaCl, 0.1% Triton X-100, pH 7.0, filter sterilized), snap frozen in 199 liquid nitrogen and stored at -80°C until use. For the identification of substances inducing the 200 expression of the lmo2689-lmo2686 operon, an overnight culture of strain 10403S pPL3e-201
Plmo2689-lacZ was diluted 1:100 in fresh BHI medium and the culture incubated with shaking 202 at 37°C until an OD600 of 0.5-0.6. The culture was divided into several flasks and incubated 203 for two hours at 37°C in the presence or absence of the following substances: 0.5 µg/ml 204 ampicillin, 0.05 µg/ml penicillin, 0.5 µg/ml vancomycin, 4 µg/ml cefuroxime, 0.05 µg/ml 205 moenomycin, 0.5 mg/ml lysozyme, 1% ethanol, 300 µg/ml MgSO4 or 300 µg/ml EDTA. 206
After 2 h, bacterial cultures were harvested and frozen as described above. 207
Samples were thawed and 1:10 dilutions were prepared in ABT buffer. 50 µl of the 1:10 208 The L. monocytogenes protein Lmo1071 is the closest homolog to B. subtilis FtsW with a 234 sequence identity of 48% (Table 1) . Furthermore, L. monocytogenes lmo1071 and B. subtilis 235 ftsW are found in the same chromosomal context. More specifically, lmo1071 is located 236 between genes lmo1070, which encodes a protein with homology to the B. subtilis YlaN 237 protein, and pycA coding for the pyruvate carboxylase. This analysis suggests that gene 238 lmo1071 encodes the cell division protein FtsW. However, L. monocytogenes encodes a 239 second protein, Lmo2688, that shares a higher degree of homology to the B. subtilis FtsW as 240 compared to the B. subtilis RodA protein (Table 1) . Due to these similarities and additional 241 data presented in this study, we refer to Lmo1071 and Lmo2688 as FtsW1 and FtsW2, 242
respectively. 243
The BLAST search with the B. subtilis RodA sequence as a query sequence yielded the L. 244 monocytogenes protein Lmo2428 as the closest homolog with a sequence identity of 40% 245 (Table 1 ). In addition to Lmo2428, two additional RodA homologs are present in L. unsuccessful, suggesting that FtsW1 is also essential for growth in Listeria. Next, strain 261 10403S∆ftsW1 iftsW1 was constructed, in which the expression of ftsW1 is controlled by an 262 IPTG-inducible promoter. While no difference in the growth was observed between the 263 wildtype and FtsW1-depletion strain (likely due to leakiness of the inducible promoter) ( 
L. monocytogenes encodes a second FtsW protein 271
To our knowledge, all bacteria analyzed to date possess only one FtsW protein that is 272 essential for cell survival. We identified a second potential FtsW protein, Lmo2688, in L. 273 monocytogenes. In contrast to ftsW1, a L. monocytogenes ftsW2 deletion strain could be 274 constructed and no significant growth or cell morphology phenotypes could be observed for 275 the ∆ftsW2 deletion strain (data not shown). In a previous study, it was reported that the 276 operon comprised of genes lmo2689-lmo2686 is only minimally expressed when L. 277 monocytogenes 10403S is grown in BHI broth (Lobel and Herskovits, 2016) . We reasoned 278 that if ftsW2 does indeed code for a second FtsW protein, it should be possible to delete ftsW1 279 in a strain in which ftsW2 is artificially expressed from an IPTG-inducible promoter. Indeed, 280 strain 10403S∆ftsW1 iftsW2 could be generated in the presence of IPTG. In contrast, we were 281 unable to generate strain 10403S∆ftsW1 when any of the other FtsW/RodA homologs 282 Lmo2427 (RodA1), Lmo2428 (RodA2) or Lmo2687 (RodA3) were expressed from the same 283 IPTG-inducible promoter system. While prolonged depletion of FtsW2 in strain 284 10403S∆ftsW1 iftsW2 had again no impact on the growth, the cells were significantly 285 elongated in the absence of the inducer compared to wildtype or bacteria grown in the 286 presence of inducer ( Fig. 3) . These data strongly suggest that ftsW2 encodes a second FtsW 287 enzyme while the remaining three proteins Lmo2427, Lmo2428 and Lmo2687 likely function 288
as RodA proteins. 289
290
L. monocytogenes encodes three RodA homologs 291
We were able to assign roles for two of the FtsW/RodA homologs as FtsW-like proteins. 292
However, L. monocytogenes encodes three additional homologs, which show a higher 293 similarity to the B. subtilis RodA protein as compared to the B. subtilis FtsW protein (Tab. 1). 294
As described above, expression of none of the enzymes Lmo2427, Lmo2428 or Lmo2687 295 was able to rescue the growth of an ftsW1 deletion strain, indicating that these enzymes likely 296 function as RodA proteins in L. monocytogenes and hence they were renamed RodA1, 297
RodA2 and RodA3, respectively. All attempts to construct a rodA1-3 triple mutant failed 298 further corroborating that these proteins function as RodA proteins and at least one of them 299 needs to be present for cell viability. To determine whether the different RodA homologs 300 have distinct functions or whether they are merely duplications, single and double mutant 301 strains were generated. No significant differences with regards to growth and cell length 302 could be observed between the wildtype strain 10403S and single rodA1, rodA2 or rodA3 303 deletion strains ( Fig. S2 ). Similar observations were made with the rodA double mutant 304 strains 10403S∆rodA1∆rodA2 and 10403S∆rodA2∆rodA3 ( Fig. 4 ). However, cells lacking 305 RodA1 and RodA3 were shorter (1.3±0.03 µm) compared to wildtype cells (1.9±0.06 µm, 306 to maintain its rod shape. RodA3 is part of the lmo2689-lmo2686 operon that is only 308 minimally expressed when L. monocytogenes is grown in BHI broth (Lobel and Herskovits, 309 2016) . The fact that we observe differences in cell morphology between a rodA1 single and 310 the rodA1/rodA3 double mutant, suggests that rodA3 expression might increase upon deletion 311 of rodA1. To test this hypothesis, we fused the promoter upstream of lmo2689 and driving 312 rodA3 expression to lacZ and inserted this fusion into the chromosome of wildtype 10403S, 313 the rodA1 and the rodA1/rodA2 deletion strains. The promoter activity was indeed 1.5-to 2-314 fold increased in the rodA1 and rodA1/rodA2 mutant strains as compared to the wildtype, as 315 assessed by the increase in the ß-galactosidase activity (Fig. 4G ). This result indicates that 316 expression of the lmo2689-lmo2686 operon, which encodes FtsW2 and RodA3, is induced in 317 the absence of RodA1, suggesting a coordination of the expression of the different RodA 318
homologs. 319
To confirm that the decrease in cell length of the double mutant strain 10403S∆rodA1∆rodA3 320 depends on the absence of RodA1 and RodA3, complementation strains with IPTG-inducible 321 expression of rodA1 or rodA3 were constructed. Expression of RodA1 restored the cell length 322 production is essential for cell-length determination in L. monocytogenes. 329
The observation that the rodA1/rodA3 double mutant forms shorter cells suggests that RodA2 330
is not sufficient to maintain the cell length of L. monocytogenes. There are several possible 331 explanations for this: 1. RodA2 might have a reduced activity as compared to RodA1 or 332
RodA3. 2. RodA2 might have a function that is different from RodA1 and RodA3. 3. The 333 protein levels of RodA2 might be sufficient to maintain cell viability but too low to maintain 334 the rod shape. To determine which of these possibilities might be the case, a strain was 335 constructed which lacks rodA1 and rodA3, but carries pIMK3-rodA2 to allow for IPTG-336 inducible expression of rodA2 in addition to the expression of rodA2 from its native locus 337 (10403S∆rodA1∆rodA3 irodA2). In the absence of the inducer, the cells had a median cell 338 length of 1.2±0.03 µm (data not shown). However, the cell length of strain 339 10403S∆rodA1∆rodA3 irodA2 increased to 1.71±0.8 µm when the strain was grown in the 340 presence of IPTG (Fig. 4F ). Therefore, additional expression of RodA2 can partially 341 complement the cell length phenotype of the rodA1/rodA3 deletion strain, suggesting that 342
RodA2 has a similar function as RodA1 and RodA3, but that it has either a lower activity or 343 is not expressed in sufficient amounts. 344
345
As stated above, several attempts to construct a strain inactivated for all three RodA 346 homologs remained unsuccessful, suggesting that at least one of the proteins RodA1, RodA2 347
or RodA3 needs to be present for the viability of L. monocytogenes. The results presented so 348 far indicate that RodA1 is the most important RodA homolog considering that RodA2 alone 349
is not sufficient to maintain the rod shape and that RodA3 is only minimally expressed under 350 standard laboratory conditions (Lobel and Herskovits, 2016) . To understand the impact of 351
RodA enzymes on cell growth and cell division in L. monocytogenes, a strain was 352 constructed which lacks all three rodA genes from its genome, but harbors pIMK3-rodA1 to 353 enable IPTG-inducible expression of RodA1. Prolonged depletion of RodA1 in strain 354 10403S∆rodA1-3 irodA1 led to a growth defect that was not seen when the strain was grown 355
in the presence of the inducer (Fig. 5A ). However, the depletion was not efficient enough to 356 see a complete growth inhibition, which would be expected for a strain lacking all three 357
RodA homologs. Cells of the L. monocytogenes strain 10403S∆rodA1-3 irodA1 that were 358 grown without IPTG were also significantly shorter with a cell length of 1.18±0.08 µm as 359 compared to cells of the double mutant 10403S∆rodA1∆rodA3 or the wildtype strain 10403S 360 ( Fig. 5B, D) . Interestingly, different cell morphologies could be observed for strain 361 10403S∆rodA1-3 irodA1 after prolonged RodA1 depletion (Fig. 5C ). The placement of the 362 division septum was affected in some cells and daughter cells of different size or cells with 363 two septa were observed (Fig. 5C ). These morphological defects could be complemented and 364 the cell length increased to 1.95±0.04 µm upon addition of IPTG and expression of RodA1 365 ( Fig. 5D ). These data highlight that RodA1 alone is sufficient to maintain the cell shape of L. bacitracin or moenomycin for the FtsW1 depletion strain 10403S∆ftsW1 iftsW1. This is 380 presumably due to basal level expression of ftsW1 even in the absence of the inducer (data 381 not shown). Simultaneous deletion of rodA1 and rodA3 resulted in a slight decrease in the 382 MIC for penicillin, however, this difference was not significant (Fig. 6A ). However, strain 383 10403S∆rodA1∆rodA3 was 2-4-fold more sensitive to the antibiotic bacitracin (Fig. 6B ). This 384 phenotype could be complemented by expressing either RodA1, RodA2 or RodA3 from an 385 IPTG-inducible promoter (Fig. 6B) . 386
As described above, moenomycin inhibits the transglycosylase activity of PBPs leading to a 387 decreased activity of these enzymes. In the absence of RodA1 and RodA3, cells are more 388 susceptible to a reduced activity of PBPs manifesting in a 4-fold reduced resistance to 389 moenomycin ( Fig 6C) . Induction of RodA1 expression in the 10403S∆rodA1∆rodA3 deletion 390 strain resulted in a significantly higher resistance to moenomycin as compared to the 391 wildtype strain 10403S and expression of RodA2 or RodA3, led to partial or complete 392 complementation of the moenomycin sensitivity ( Fig. 6C) . 393
Moreover, resistance to lysozyme, an enzyme that cleaves the linkage between N-acetyl 394 muramic acid and N-acetylglucosamine residues of the peptidoglycan, was drastically 395 decreased in strain 10403S∆rodA1∆rodA3 and could be fully restored by expression of 396 RodA1, RodA2 or RodA3 (Fig. 6D) . peptidoglycan was purified from the 10403S∆rodA1∆rodA3 mutant strain, digested with 402 mutanolysin and the resulting muropeptides analyzed by HPLC. Peptidoglycan samples 403 isolated from the wildtype strain 10403S and the complementation strain 404 10403S∆rodA1∆rodA3 irodA1, that had been grown in the presence of IPTG, were analyzed 405 as controls (Fig. 6E) . The main muropeptide peaks were assigned as described previously 406 deacetylated monomeric muropeptides, respectively, whereas peak 3 and peaks 4-6 are 408 acetylated and deacetylated muropeptide dimers, respectively. Deletion of rodA1 and rodA3 409 led to a reduction of both monomeric muropeptides and therefore to an increase in 410 crosslinked peptidoglycan fragments by approximately 2% as compared to the wildtype strain 411 10403S, in which 65% of the peptidoglycan was cross-linked ( Fig. 6F ). However, no 412 significant difference with regards to the deacetylated muropeptides could be observed 413 between the wildtype 10403S, the 10403S∆rodA1∆rodA3 and the 10403S∆rodA1∆rodA3 414 irodA1 complementation strain (Fig. 6F) . These results suggest that the lysozyme sensitivity 415 phenotype of strain 10403S∆rodA1∆rodA3 is not caused by changes in the peptidoglycan 416 deacetylation, but rather due to general defects in the peptidoglycan structure. 417 418
Cell wall-acting antibiotics induce the promoter of lmo2689 419
The operon lmo2689-lmo2686, that contains the genes encoding FtsW2 and RodA3, is only 420 minimally expressed under standard laboratory conditions (Lobel and Herskovits, 2016) . Nielsen et al., 2012). Therefore, we next used the lmo2689 promoter-lacZ fusion described 428 above, to assess if expression of the lmo2689-lmo2686 operon is induced in the presence of 429 antibiotics that target different processes of the PG biosynthesis or ethanol. Indeed, increased 430 β-galactosidase activity could be measured for cells that had been grown in the presence of 431 sub-inhibitory concentrations of the β-lactam antibiotics ampicillin, penicillin and cefuroxime 432 and the phosphoglycolipid moenomycin (Fig. 7A) . In contrast, no increase in β-galactosidase 433 activity could be detected upon addition of vancomycin, lysozyme or ethanol as compared to 434 untreated control cells (Fig. 7A ). We also tested whether the presence of MgSO4 or EDTA 435 has an impact on the lmo2689 promoter activity since lmo2689 encodes a putative Mg 2+ -type 436
ATPase. However, the β-galactosidase activity of cells grown in the presence of MgSO4 or 437 EDTA was comparable to the β-galactosidase activity seen for untreated cells (Fig. 7A) . 438
These results indicate that the expression of ftsW2 and rodA3, that are part of the lmo2689-439 lmo2686 operon, are induced in the presence of various cell wall-acting antibiotics, 440
suggesting that FtsW2 and RodA3 might be important for the intrinsic resistance of L. 441 monocytogenes against these antibiotics. However, no significant differences in MICs for 442 penicillin and moenomycin could be observed between wildtype 10403S, the ftsW2 or rodA3 443 single mutant strains or the ftsW2/rodA3 double mutant (Fig. S3 ). However, there was a slight 444 reduction in the resistance of the rodA3 single mutant against cefuroxime as compared to the 445 wildtype ( Fig. S3 ). To further assess whether there is a difference in the cefuroxime 446 resistance between the L. monocytogenes wildtype strain 10403S and the rodA1, rodA2 and 447 rodA3 single mutant strains, dilutions of overnight cultures were spotted on BHI agar plates 448 with or without 1 µg/ml cefuroxime. Deletion of rodA1 or rodA2 results in a slightly reduced 449 ability of these strains to grow on BHI plates supplemented with 1 µg/ml cefuroxime as 450 compared to the wildtype 10403S strain (Fig. 7B ). However, deletion of rodA3 leads to a 451 stronger reduction of growth on BHI plates containing 1 µg/ml cefuroxime as compared to 452 the rodA1 and rodA2 single mutants (Fig. 7B) . Our results therefore suggest that L. The rod-shape determining protein RodA is part of the elongation machinery. The data 482 presented in this study suggest that L. monocytogenes encodes not one but three RodA 483 proteins and depletion of the three RodA enzymes leads to a decreased cell length (Fig. 5) . 484
Simultaneous deletion of rodA1 and rodA3 already results in the formation of shorter cells, 485
whereas cells of strains deleted for rodA1/rodA2 or rodA2/rodA3 have a cell length that is 486 comparable to the wildtype strain 10403S. Taking into consideration that rodA3 is only 487 minimally expressed under standard laboratory growth conditions in L. monocytogenes 488 10403S (Lobel and Herskovits, 2016), the results presented in this study suggest that rodA3 489 expression gets induced upon inactivation of RodA1, since we observed morphological 490 differences between the rodA1 single and the rodA1/3 double mutant strains. Indeed, β-491 galactosidase assays confirmed that deletion of rodA1 or rodA1/2 increases the activity of the 492 promoter from which rodA3 is expressed. The data presented in this study also indicate that 493 RodA1 is the "main" RodA enzyme in L. monocytogenes as no significant phenotypic 494 changes with regards to growth and cell division could be observed as long as RodA1 was 495 present. On the other hand, RodA2 was only able to compensate for the loss of RodA1 and 496
RodA3, when overproduced from an inducible promoter. This suggests that either RodA2 has 497 a reduced activity compared to RodA1 or RodA3, which can be overcome by overproducing 498 the enzyme, or the expression levels of RodA2 are too low to maintain the cell shape. RodA3, leads to a drastic reduction in cell length (Fig. 5 ). A similar phenotype was observed 520 for a L. monocytogenes strain depleted for the essential class B PBP, PBP B1 (Rismondo et 521 al., 2015) . In contrast, the absence of either FtsW1 (Fig.2) It is also interesting to note that L. monocytogenes does not only encode multiple FtsW/RodA 527 enzymes, but also encodes two copies of the lipid II flippase MurJ, MurJ1 and MurJ2. 528
RNAseq data suggest that murJ1 and murJ2 are both expressed in L. monocytogenes 10403S 529 when grown in BHI broth (Lobel and Herskovits, 2016) . murJ1 and murJ2 might therefore 530 solely be gene duplications, however, MurJ1 and MurJ2 might have specific roles in different 531 growth conditions, which needs to be assessed in future studies. 532
Taken together, L. monocytogenes has a repertoire of two lipid II flippases, several PBPs and 533 multiple members of the SEDS family of proteins to produce its rigid cell wall. The 534 expression and the activity of these enzymes need to be tightly regulated in L. monocytogenes 535 to maintain its cell shape. Our results suggest that L. monocytogenes adapts the expression of 536 two FtsW/RodA enzymes, FtsW2 and RodA3, to environmental stresses such as the presence 537 of β-lactam antibiotics, thereby preventing defects in the peptidoglycan synthesis and 538 subsequent cell lysis. 539 540 Bacteria from mid-logarithmic cultures of strain 10403S pPL3e-Plmo2689-lacZ were exposed for 2 h at 37°C to different stressors. The activity of the lmo2689 promoter was subsequently determined by performing β-galactosidase activity assays as described in the method section.
Bacteria that had been grown in the absence of a stressor were included as negative ( 
